The filtering and polarizing of terahertz waves are essential for various terahertz applications. Here, we use two-dimensional (2-D) rectangular subwavelength hole arrays (SHAs) to achieve efficient wave filtering and polarizing in the terahertz region. The transmissive filtering is obtained by exciting the specified resonant modes within the subwavelength holes. With the same basic physics, the elliptic-to-linear and linear-to-elliptic (linear-to-circular) polarization conversions are successfully achieved by properly arranging the 2-D SHAs. Thanks to its easy realizability, these 2-D SHAs can promisingly be developed as efficient terahertz wave filters and polarizers for practices.
Introduction
Nowadays, the terahertz wave becomes one of the most attractive research topics because of its tremendous application prospects [1] , [2] . The efficient filtering of terahertz wave are important for many terahertz applications, such as highly efficient terahertz communication and imaging [3] , [4] . On the other hand, the polarization-one of the basic properties of electromagnetic waves and conveys valuable information-of terahertz wave has also gained an increasing attention. Researchers not only resorted to conventional polarization conversion methods, including the birefringence, gratings, and total internal reflection effects based on crystals and polymers [5] , [6] , but also pursued new polarizing methods [7] , such as metamaterials and subwavelength hole arrays (SHAs) based on plasmonics [8] - [12] . Similarly to the metamaterials, the SHA has tremendous interesting properties and multi-functions [13] - [15] , such as the well-known extraordinary light transmission in the optical region [16] - [19] and the launching of mimicking surface plasmonic polaritons (SPPs) in the microwave and terahertz regions [20] , [21] .
In the present paper, we propose an efficient way of wave filtering and polarizing in the terahertz region by using two-dimensional (2D) arrays of specifically designed rectangular sub-wavelength holes. Rather than launching the real or mimicking SPPs as that in most previous literatures, here we apply the resonant modes within each independent rectangular sub-wavelength hole. The effective transmissive filtering is achieved by exciting the specified resonant modes within the subwavelength holes. By exciting these resonant modes, we have also achieved the elliptic-to-linear and linear-to-elliptic (linear-to-circular) polarization transformations. Thanks to its easy realizability, the proposed 2D SHAs can promisingly be developed as efficient terahertz wave filters and polarizers for practices.
Model Description
The diagram of proposed terahertz filter and polarizer based on 2D SHAs is shown in Fig. 1 . The subwavelength hole has rectangular shape, and its z-directional width is much less than y-directional width (d << w ). Thus each subwavelength hole is actually a rectangular slit etched on a conductor plate. All the subwavelength holes are periodically arranged to form a 2D rectangular array. The z-directional width of the subwavelength hole is much less than the spatial periodicity of the array (d << L ). The latter is larger than the operation wavelength (L > λ). Thanks to these features, the field couplings between adjacent holes can be ignored, and the mimic-SPPs can not be excited on the SHA. Thus, each subwavelength hole is actually an independent resonator with specific resonant modes-a kind of modified Fabry-Perot modes [22] . According to the mode matching method, only the waves with field distributions and frequency matching that of the resonant modes can transmit through the 2D SHAs, which is the physical basic of the filtering and polarizing. In other word, the operation properties of the 2D SHAs are essentially determined by the resonant modes within sub-wavelength holes, which are the building blocks of the filter and polarizer.
Based on to the boundary conditions of the rectangular subwavelength hole, the resonant frequencies can be approximately expressed as [23] :
in which h , w and d are structure parameters shown in the figure. l, m and n are non-negative integers denoting the mode orders in x, y, and z directions, respectively. In the terahertz region, the SPPs of metal can be neglected and the metal can be treated as perfect electric conductor (PEC). We set the z-directional width of the hole to be much less than the radiation wavelength (d << λ), such that the electric field in the hole only has the z-directional component E z , and z-directional variation is zero (n = 0) [24] , [25] . In addition, the dominant variation number in y direction should be one (m = 1) due to the PEC boundaries in y direction. 1 Thus, the primary determinant of the resonant frequency is the x-directional variation l.
Filtering and Linearly Polarizing
Based on the above analyses, only the waves with frequency expressed by Eq. (1) and with polarization being in z direction can transmit through the subwavelength holes. In the following, we will perform the electromagnetic simulations by using CST Microwave Studio [26] . In simulations, the metal is treated as perfect electric conductor (PEC). The parameters of the holes are set to be: w = 0.5 mm, d = 0.05 mm, h = 0.45 mm (their meanings are shown in Fig. 1 ). The center-to-center distances between two adjacent holes (periodicities) in y and z directions are both 0.6 mm. The numbers of holes in both directions are 20, without loss of generality. We first use a plane wave with z directional polarization to perpendicularly irradiate on the 2D SHA. 2 The transmission spectral is shown in Fig. 2(a) , which illustrates that three peak frequencies (0.3 THz, 0.38 THz, and 0.52 THz) can effectively transmit through the structure, with transitivity reaches 40%, while other frequencies can not. In other words, the filtering with three frequencies is effectively achieved. The simulated field spectral excited within the rectangular holes are also detected in the figure, which shows that the peak frequencies match the transmission peaks, indicating that the transmission is due to the excitation of resonant modes within the holes. The field distributions within the holes for three peak frequencies are presented in the Fig. 2(b) , which illustrates that, for all three resonant modes, the field variation in z direction is zero (n = 0) and that in y direction is one (m = 1), agreeing with our predictions. Three peak frequencies (0.3 THz, 0.38 THz, and 0.52 THz) are corresponding to the modes of l = 0, l = 1, and l = 2, respectively. Fig. 3 further shows the contour maps of waves before and after transmitting through the 2D SHA. We can see that at the resonant frequencies, the electromagnetic wave can transmit through the 2D SHA without much attenuation, see the cases of 0.3 THz and 0.37 THz. While for other frequencies out of resonances, the wave cannot efficiently pass through the structure, see the cases of 0.25 THz and 0.33 THz. It is worth to mention that to get the sharp frequency-selectivity shown in Fig. 2(a) , the periodicity of the SHA in z direction should 1 The mode of m = 1 is dominant only when w is less than or comparable with the operating wavelength. When w is much larger than the operating wavelength, higher modes with m > 1 will become significant, which will not be considered in the present papers. 2 Here the magnetic fields of the incident wave, which propagates in -x direction, are exculsively in y direction. In the CST simulations, this incident wave can be achieved by the plane-wave excitation (with open boundaries) or by the waveguide-port excitation (with boundary conditions of E t = 0 in z direction and of H t = 0 in y direction). be well chosen. Based on the analyses in Section 2, all the subwavelength holes are independent resonant unit, and the fields within adjacent holes should not be coupled with each other. To achieve this, the distance between adjacent holes (the periodicity) in z direction should be large enough. If the z-directional periodicity is relatively small, the fields in adjacent holes will be coupled each other, which will cause other frequencies, within the stop band between two resonant frequencies, to transmit through the 2D SHA. And the frequency selectivity of the filter will be reduced. Our simulations indicate that, to get the sharp frequency filtering shown in the Fig. 2(a) , the periodicity in z direction should be greater than 0.5 mm.
Then we gradually rotate the 2D SHA in y-z plane while keeping the polarization of incident wave in z direction. Fig. 4(a) illustrates the vector diagrams of electric field in the cross section of the down half-space of the 2D SHAs. We can see that the polarization change correspondingly with the rotation of the 2D SHA, indicating that the effective linear-polarizing is obtained. The transmissivity of waves versus the rotation angle (α) is depicted in Fig. 4(b) , which shows that the transmissivity of three frequencies decreases gradually with the rotation angle, and that the waves cannot pass through the structure when the rotation angle reaches 90 degree. To further illustrate it, we use circular polarization to irradiate the 2D SHA. Fig. 5(a) shows the contour maps of E y and E z fields in the x-z cutplane. We can see that only the E z field component can effectively pass through the 2D SHA and the E y component is largely blocked (here the frequency is 0.3 THz). Fig. 5(b) further shows that the intensity of the electric field component E z is three orders of magtitude higher than that of the E y detected in the down half-space. In other words, the circular polarization of the incident wave is converted to z-directional linear polarized wave after transmitted through the holes. The polarization ratio, which is defined by E z /E y , reaches more than 10 3 .
Linear-to-Elliptical Polarization Conversion
Now we illustrate the conversion from linear to elliptical polarization using 2D SHAs. The proposed scheme is shown in Fig. 6 , in which another 2D SHA with deeper hole depth is added in the conductor plate. All the holes in the new array have been rotated by 90 degree: the short edge of the hole in the new array is in y direction. The two sets of 2D SHAs compose a rectangular shape on the y-z plane, see Fig. 6 (b). In practice, we set the polarization of incident wave to be in the direction with a certain angle α from z direction and gradually change α. As is known that the elliptic polarization is the combination of two linear cross-polarizations. Its electric field can be expressed as:
in which E y and E z are the amplitudes of electric fields in y and z directions, respectively. ϕ is the phase difference of the two field components, which should not be zero for elliptic polarization. In order to get the desired elliptic polarization, both the amplitude ratio E y /E z and the phase difference ϕ should be controlled. According to the results shown in Fig. 4(b) , the electromagnetic wave can transmit through the hole when α is less than 50 degree, and the intensity of transmitted wave changes with α. Thus, we can effectively control the polarizations and intensities of waves transmitted through two perpendicularly lined rectangular holes by changing α. The phase difference ϕ can be achieved by setting different hole-depths as follows. According to Eq. (1) and Fig. 2(b) , the resonant frequency of the first mode (l = 0) and its phase change from the top to the bottom of the hole are both independent from the depth of the hole. Thus by changing the hole depth, we can adjust the phase difference and the wavefront of waves in the down half-space of the 2D SHA. When setting the hole depth difference, h 2 − h 1 shown in the Fig. 6(b) , to be a quarter of wavelength, the phase difference will be ϕ = π/4, such that the circular polarization will be achieved when the intensities of two polarized waves are equal. Otherwise, other elliptic polarizations will be obtained.
In simulations, we set the holes in the two arrays have the same cross-section size as that in Fig. 2 . Thus the resonant frequency of the first mode (l = 0) is 0.3 THz. In other words, the waves of 0.3 THz can transmit through both arrays effectively. The depths of holes in the two arrays are set to be h 1 = 0.45 mm and h 2 = 0.7 mm, respectively.
3 Thus the depth difference is equal to a quarter of wavelength of the first mode. The simulated results are shown in Fig. 7 , which illustrates the electric field vectors in the cross section of the down space as a function of phase. Here α is set to be 45 degree. We can see that the polarization direction of the transmitted clockwise rotates with phase (time) and the ratio of E y to E z is approximately unit (E y /E z ≈ 1), indicating that the circular polarization is largely achieved. Further simulations show that the elliptic polarizations with other E y /E z values are obtained when α changes. These results agree with our previous predictions.
Conclusion
In summary, we have achieved the wave filtering and polarizing in the terahertz region by using two-dimensional rectangular sub-wavelength hole arrays. When the light illuminates on the subwavelength hole array, the resonant modes with specified frequencies and field patterns are excited within the sub-wavelength holes. Only the waves with frequencies and polarizations matching that of resonant modes can transmit through the sub-wavelength hole arrays. Using two sets of arrays with different hole depths, the linear-to-elliptic (linear-to-circular) polarization conversions have been further achieved. The proposed schemes can be developed as efficient terahertz wave filters and polarizers for practices.
